The molecular mechanisms underlying lymphatic vascular development and function are not well understood. Recent studies have suggested a role for endothelial cell (EC) mitogen-activated protein kinase kinase kinase kinase 4 (Map4k4) in developmental angiogenesis and atherosclerosis. Here, we show that constitutive loss of EC Map4k4 in mice causes postnatal lethality due to chylothorax, suggesting that Map4k4 is required for normal lymphatic vascular function. Mice constitutively lacking EC Map4k4 displayed dilated lymphatic capillaries, insufficient lymphatic valves, and impaired lymphatic flow; furthermore, primary ECs derived from these animals displayed enhanced proliferation compared with controls. Yeast 2-hybrid analyses identified the Ras GTPase-activating protein Rasa1, a known regulator of lymphatic development and lymphatic endothelial cell fate, as a direct interacting partner for Map4k4. Map4k4 silencing in ECs enhanced basal Ras and extracellular signal-regulated kinase (Erk) activities, and primary ECs lacking Map4k4 displayed enhanced lymphatic EC marker expression. Taken together, these results reveal that EC Map4k4 is critical for lymphatic vascular development by regulating EC quiescence and lymphatic EC fate.
T he vascular system is comprised of arteries and veins, which deliver nutrients to organs via capillaries and lymphatic vessels, which in turn reabsorb fluid from tissues for delivery back into the circulation. Both blood and lymphatic vessels are lined with endothelial cells (ECs), which are critical for the function and maintenance of both vascular networks (1) . Normal lymphatic vascular function is required for maintaining fluid balance, immune surveillance, and lipid homeostasis (2, 3) . In contrast, lymphatic vascular dysfunction is associated with numerous diseases, including developmental abnormalities, cancer metastasis, and lymphedema (4, 5) . Though common pathways are involved in early vascular development, specialized molecules are required to drive and maintain lymphatic endothelial cell fate specification both during and after development (6, 7) , and the signaling pathways that specifically promote lymphatic vascular development are still not well understood.
Our laboratory recently demonstrated that mitogen-activated protein kinase kinase kinase kinase 4 (Map4k4) has a profound role within the endothelium to promote atherosclerosis development and lymphocyte recruitment in inducible, endotheliumspecific Map4k4 knockout animals on an Apoe Ϫ/Ϫ background (8) . The present studies were designed to investigate the role of Map4k4 in endothelial cell function in more detail. We observed that mouse pups lacking endothelial Map4k4 displayed postnatal lethality due to chyle leakage into the thoracic cavity after birth (chylothorax) when constitutively expressed Cdh5 Cre (Ve-cadherin Cre) (9) was used to delete Map4k4 in the endothelium. Furthermore, animals constitutively lacking EC Map4k4 displayed dilated lymphatic capillaries, abnormal valves, and impaired lymphatic flow. Yeast 2-hybrid analysis of Map4k4 identified the protein RAS p21 protein activator 1 (Rasa1), which is critical for lymphatic development and is a negative regulator of Ras-mitogen-activated protein kinase (Ras-MAPK) signaling (10) , as a direct binding partner for Map4k4. Loss of Map4k4 in ECs enhanced Ras and extracellular signal-regulated kinase (Erk) activities and ameliorated EC quiescence in culture. Taken together, these results demonstrate a complex and critical role for lymphatic endothelial Map4k4 in development.
MATERIALS AND METHODS
Mouse models. The University of Massachusetts Medical School Institutional Animal Care and Use Committee approved all of the animal procedures. Map4k4 Flox/Flox animals, Cdh5 Cre animals [B6.Cg-Tg(Cdh5cre)7Mlia/J; Jackson Laboratories], and Map4k4 inducible endothelial cell-specific knockout (iECKO) mice [Cdh5(PAC)-CreERT2] have been previously described (8) . At 6 to 8 weeks of age, male Flox/Flox and Flox/ Flox/Cre ϩ littermates were injected with 1 mg tamoxifen/day in corn oil (Sigma) for 5 days and maintained on a chow diet. The mice were euthanized by CO 2 inhalation, followed by bilateral pneumothorax or by decapitation if younger than postnatal day 12 (p12). Footpads were injected with 25 l of 2% Evans blue dye (Sigma) in phosphate-buffered saline (PBS), and lymph nodes were visualized 1 h later. No statistical methods were used to predict sample size, no randomization was performed, and the investigations were not blinded.
Cell culture and transfection. Human umbilical vein endothelial cells (HUVECs) and human dermal lymphatic endothelial cells (HDLECs) were purchased from Clonetics and grown in endothelial growth medium 2 (EGM-2) or EGM-2 microvascular (EGM-2MV) medium, respectively. The cells were transfected and maintained as previously described (8) . Primary mouse lung endothelial cells (MLECs) were prepared by digestion and immune isolation, as previously described (8) . The adenoviruses used for overexpression were a generous gift from Diane Barber (11) .
HUVECs were infected with 0.25 l virus/ml medium for 4 h and lysed 48 h after infection.
RNA isolation and quantitative RT-PCR. Total RNA was isolated, cDNA was prepared, and quantitative reverse transcription (qRT)-PCR was performed as previously described (8) . The primer sequences were as follows: Map4k4 F, CATCTCCAGGGAAATCCTCAGG, and R, TTCTGTA GTCGTAAGTGGCGTCTG; Cd31 F, ACGCTGGTGCTCTATGCAAG, and R, TCAGTTGCTGCCCATTCATCA; Cdh5 F, CACTGCTTTGGGAGCC TTC, and R, GGGGCAGCGATTCATTTTTCT; Kdr F, TTTGGCAAATA CAACCCTTCAGA, and R, GCAGAAGATACTGTCACCACC; Lyve1 F, CAGCACACTAGCCTGGTGTTA, and R, CGCCCATGATTCTGCATG TAGA; Prox1 F, AGAAGGGTTGACATTGGAGTGA, and R, TGCGTGT TGCACCACAGAATA; Flt4 F, CTGGCAAATGGTTACTCCATGA, and R, ACAACCCGTGTGTCTTCACTG; Sox18 F, CCTGTCACCAACGTCT CGC, and R, GCAACTCGTCGGCAGTTTG; Pdpn F, ACCGTGCCAGT GTTGTTCTG, and R, AGCACCTGTGGTTGTTATTTTGT; Vegfc F, GA GGTCAAGGCTTTTGAAGGC, and R, CTGTCCTGGTATTGAGGG TGG; and Ccnd2 F, GAGTGGGAACTGGTAGTGTTG, and R, CGCACA GAGCGATGAAGGT.
Western blotting. Cells were lysed in lysis buffer (150 mM NaCl, 100 mM Tris, 5 mM EDTA, 1% Triton X-100 for cell lysates; 100 mM NaCl, 100 mM Tris, 5 mM EDTA, 1% Triton X-100 for immunoprecipitations) with 1ϫ HALT protease and phosphatase inhibitors (Thermo Scientific). The lysates were run on SDS-PAGE gels and transferred to nitrocellulose membranes. The lysates were immunoprecipitated with anti-Ras GTPaseactivating protein (GAP) antibodies (Santa Cruz; 2 g) or anti-mouse IgG (2 g). The membranes were immunoblotted with anti-MAP4K4 A301-503A (Bethyl; 1:2,000), phosphorylated-Erk (P-Erk) 4370 (Cell Signaling Technology; 1:1,000), total Erk1 sc-93 (Santa Cruz; 1:1,000), Rasa1/Ras GAP (Santa Cruz B4-F8; 1:250), or Ras (Thermo-Pierce; 1:200) antibodies.
Immunostaining. Whole-mount immunostaining was performed on tissues that had been fixed in 10% formalin for 2 to 6 h. Retinas were blocked overnight in 10% bovine serum albumin (BSA) and 0.3% Triton X-100 in PBS at 4°C; stained overnight with Isolectin B4 (Life Technologies; I21411; 1:40) in 100 mM MgCl 2 , 100 mM CaCl 2 , 10 mM MnCl 2 , and 1% Triton X-100 in PBS at 4°C; and washed 3 times for 20 min each time in 5% BSA, 0.15% Triton X-100 in PBS at room temperature. von Willebrand factor (vWf) (Abcam ab9378; 1:200), Lyve-1 (Abcam 14917; 1:500), and Prox-1 (Abcam 37128; 1:200) immunostaining was performed in 3% goat serum and 2% BSA in 0.3% Triton overnight, followed by fluorescent secondary antibodies (Life Technologies). Tissues were mounted in Pro-Long Gold (Life Technologies). Whole-mount images were visualized in flattened 25-m z-stacks with a Solamere Technology Group modified Yokogawa CSU10 spinning-disk confocal system with a Nikon TE-2000E2 inverted microscope at ϫ10 or ϫ20 magnification. Images were acquired with MetaMorph software, version 6.1 (Universal Imaging, Downingtown, PA). A Zeiss Axiovert 100 inverted microscope with a 5ϫ or 10ϫ objective and an AxioCam HRm camera was used for retina and intestine images. The images were quantified using ImageJ analysis software.
Proliferation assays. Primary MLECs were used at passage 3 for all experiments. For cell-counting assays, 25,000 cells were plated in 24-well plates on day 0. On day 1, the cells were trypsinized and counted. On days 2 to 4, the cells were trypsinized and counted, and this value was normalized to the count from day 1. Cell numbers were expressed as fold change from day 1. In parallel, equal numbers of MLECs were plated on 6-well plates. To assess proliferation, the cells were stained for Ki67 (phycoerythrin [PE]; BD) after a rest period. Apoptosis was induced by starving confluent MLECs for 72 h as described previously (10) , and serum-fed or starved cells were stained with an annexin V apoptosis assay kit (BD) according to the manufacturer's instructions. Cell cycle analysis was performed using a fluorescein isothiocyanate (FITC) bromodeoxyuridine (BrdU) flow kit (BD) according to the manufacturer's instructions. The data were collected on an LSRII flow cytometer (BD) and were analyzed with FlowJo software. Samples were gated for scatter and single cells. Gates were drawn based on fluorescence minus one (FMO) controls. A total of at least 100,000 events were recorded.
Ras-GTP levels. HUVECs were transfected with scrambled or MAP4K4 small interfering RNA (siRNA), as previously reported (8) . The cells were serum starved overnight prior to the assay. The active Ras pulldown and detection kit (Thermo-Pierce) was used according to the assay instructions. Briefly, glutathione S-transferase (GST)-Raf1 was used to pull down active Ras from cell lysates with glutathione beads, and the amount of active Ras in the pulldowns was normalized to that in cell lysates.
Yeast 2-hybrid assay. The Clontech Matchmaker gold yeast 2-hybrid system was used to screen a whole mouse genome library. A 31.5-kDa fragment of murine Map4k4 encoding the N-terminal kinase domain or a 39.5-kDa fragment of murine Map4k4 encoding the C-terminal citron homology domain (CNH) was cloned into the pGBKT7 plasmid using the In-Fusion advantage kit (Clontech) and used as bait. Screening and binding partner identification was performed according to the assay instructions.
Fluid biochemical analysis. Fluid was collected from the thoracic cavity, and blood was collected via cardiac puncture from the same Map4k4 Cdh5 Cre animals prior to death. Triglyceride (Sigma) and cholesterol (Pointe Scientific) contents were assessed by colorimetric methods, and albumin (Abcam) and fibrinogen (Abcam) contents were assessed by enzyme-linked immunosorbent assay (ELISA). Values were obtained for both fluids, and a ratio (thoracic fluid/blood) was calculated from the values obtained. Colorimetric assays and ELISAs were performed according to the manufacturers' instructions.
Microarray analysis. RNA was isolated, using TriPure (Roche), from three independent experiments, and cDNA synthesis and in vitro transcription were performed using the Ambion WT expression kit (Ambion, Carlsbad, CA). Second-strand cDNA was labeled with the Affymetrix WT terminal-labeling kit, and samples were hybridized to three different Affymetrix Genechip Human Gene 1.0 ST arrays. The Microarray Computational Environment (MACE) was used to process raw oligonucleotide microarray data as previously described (12) , and KEGG analysis was performed in MACE internally using the R package KEGG.db.
Statistical analysis. For the microarray, the differential expression analysis of genes in two groups was performed using Student's t test internally within MACE (12) . A two-tailed Student t test was used to compare two groups in Microsoft Excel. Two-way analysis of variance (ANOVA) with the Sidak posttest was used to compare multiple groups in GraphPad Prism 6.0. A P value of Ͻ0.05 was considered to be statistically significant. Variance was estimated using the standard error of the mean.
Microarray data accession number. The data described in this article are accessible via GEO series accession no. GSE78107 (http://www.ncbi .nlm.nih.gov/geo/query/acc.cgi?accϭGSE78107).
RESULTS

Mice lacking endothelial Map4k4 display lymphatic defects.
Previous studies conducted in our laboratory to assess the role of Map4k4 in the endothelium utilized mice with endothelium-specific short hairpin RNA (shRNA)-mediated constitutive Map4k4 knockdown or inducible endothelial cell-specific Map4k4 Flox/ Flox animals (8) . We observed during the course of these studies that mice constitutively lacking endothelial Map4k4, which were developed by crossing Map4k4 Flox/Flox animals to Ve-cadherin Cre animals (Map4k4 Cdh5 Cre), did not survive past weaning age. Though these mice were born at nearly Mendelian ratios (Table 1), less than 5% of Map4k4 Cdh5 Cre mice survived to weaning age, and the median time of death was p9 ( Fig. 1A) .
Map4k4 Cdh5 Cre animals displayed rapid, shallow breathing prior to death, and upon dissection, a milky white fluid was observed in the thoracic cavities of these animals ( Fig. 1B ). Though this fluid was often acellular (Fig. 1C ), we performed biochemical analyses to compare the properties of the thoracic fluid to those of the blood. We observed that the triglyceride content in the thoracic fluid was much higher, concomitant with lower levels of cholesterol and fibrinogen than in blood from the same animals ( Table 2 ). The properties of the thoracic fluid were consistent with that of chylous leakage, which led us to conclude that the animals succumbed to chylothorax.
The chyle leakage observed in Map4k4 Cdh5 Cre animals suggested that the lymphatic vascular system might be affected in these animals. The lymphatic vascular system is comprised of a network of lymphatic capillaries, which drain fluid containing plasma proteins and immune cells in response to changes in interstitial pressure, and lacteals in the small intestine that absorb dietary lipids as chylomicrons (2, 4, 5) . Thus, to assess the lymphatic vascular morphology, immunostaining for Lyve-1, a lymphatic capillary marker, was performed in the ear skin and mesenteries of Flox/Flox and Map4k4 Cdh5 Cre animals. While a typical network of lymphatic capillaries was observed in Flox/Flox mice, Map4k4 Cdh5 Cre animals displayed a 57% increase in lymphatic vascular density, which was attributed in part to a 58% increase in the lymphatic vascular diameter ( Fig. 2A to C). Similarly, a 60% increase in the Lyve-1-positive area and a 51% increase in the Lyve-1-positive-vessel diameter was observed in Map4k4 Cdh5 Cre intestinal cross sections compared with controls ( Fig. 3D to F).
Lymphatic capillaries drain into larger collecting vessels, which pump chyle against gravity into the thoracic duct and eventually into the venous circulation (4, 13) . Chyle backflow from these collecting vessels is prevented by a series of valves (14) . To assess the valve morphology, immunostaining with Prox-1, a lymphatic marker that concentrates at lymphatic valves (15) , was performed in the mesenteries of p2 Flox/Flox and Map4k4 Cdh5 Cre animals. Prox-1 staining in Flox/Flox animals revealed a typical V-like shape, indicating lymphatic valves. However, in Map4k4 Cdh5 Cre mice, Prox-1 immunostaining revealed abnormal Prox-1 localization, and the majority of lymphatic valves displayed an altered, open morphology ( Fig. 2D ). Furthermore, there was a 61% reduction in the number of valves per millimeter mesentery in Map4k4 Cdh5 Cre animals ( Fig. 2E ). These results indicate that endothelial Map4k4 is critical for lymphatic-valve development, and thus, Map4k4 depletion manifests in dilated lymphatic capillaries and lymphatic leakage.
To assess lymphatic function, Evans blue dye was injected into one rear footpad of live p16 Flox/Flox and Map4k4 Cdh5 Cre mice. In Flox/Flox animals, the dye migrated to the inguinal and iliac lymph nodes in a typical pattern within 60 min postinjection. However, in Map4k4 Cdh5 Cre mice, the dye did not migrate to the iliac lymph node, and while dye was observed in the inguinal lymph node, an excess of dye was observed throughout the skin capillaries ( Fig. 2F to G). These data demonstrate that Map4k4 Cdh5 Cre lymphatic vessels do not pump fluid sufficiently, thus promoting fluid stasis and accumulation within superficial lymphatic capillaries.
Previous reports suggested a role for endothelial Map4k4 in developmental angiogenesis using endothelium-specific Tie2 Cre, Rosa26-inducible whole-body deletion, and pharmacological inhibitors (16) . To assess developmental vascularization in Map4k4 Cdh5 Cre mice, isolectin B4 (iB4) staining of p6 Flox/Flox and Map4k4 Cdh5 Cre retinas was performed. Similar to the previous study, we also observed reduced retinal outgrowth (enhanced avascular area), as well as increased vascular density in Map4k4 Cdh5 Cre mice compared with controls ( Fig. 3A to C) . However, no alterations in intestinal blood vessel area or diameter were observed, as assessed by vWf immunostaining (Fig. 3G to I) . These data suggest that loss of Map4k4 using Cdh5 Cre results in only mild blood vascular phenotypes.
Enhanced EC proliferation in Map4k4 iECKO mice. The enhanced lymphatic and blood vascular density phenotypes observed in development ( Fig. 2 and 3 ) suggested that Map4k4 may affect EC growth. Thus, primary MLECs were isolated from adult C57BL/6J Map4k4 Flox/Flox or Map4k4 inducible EC-specific knockout iECKO) mice, which have been previously described (8) . To functionally assess whether ECs lacking Map4k4 displayed an enhanced capacity to proliferate, subconfluent Flox/Flox and Map4k4 iECKO primary MLECs were plated and counted daily for 4 days in parallel. Whereas the doubling time of Flox/Flox MLECs was 60.1 h, Map4k4 iECKO MLECs doubled 33% faster (45.0 h), which was significantly increased from controls (Fig. 4A ). Furthermore, this enhancement in proliferation was accompanied by nearly a 2-fold increase in expression of the proliferation marker Ki67 in Map4k4 iECKO MLECs compared with Flox/Flox MLECs (Fig. 4B ). The changes observed in cell numbers were not due to apoptosis, as annexin V staining was not altered between genotypes (Fig. 4C) . These results suggest that Map4k4 depletion in ECs results in increased hyperplasia due to enhanced proliferation.
To elucidate how Map4k4 altered proliferation, the cell cycle of primary MLECs derived from Flox/Flox and Map4k4 iECKO mice was assessed using BrdU and 7-aminoactinomycin D (7-AAD) incorporation. After an overnight pulse of BrdU, similar percent- ages of MLECs were identified in G 0 /G 1 and S phases of the cell cycle; however, there was a significant (30%) reduction of Map4k4 iECKO MLECs in the G 2 /M transition (BrdU Ϫ 7-AAD ϩ ; 28% Flox/Flox versus 16% Map4k4 iECKO) (Fig. 4D) . These data suggest that loss of Map4k4 in ECs alters cell cycle progression.
To identify whether loss of Map4k4 in ECs altered cell cycle gene expression, a microarray analysis was performed in HUVECs after treatment with scrambled or MAP4K4 siRNA. Of the genes regulated by MAP4K4 loss, several were involved in cell cycle regulation, G 2 /M transition, and mitosis (Fig. 4E ). KEGG analysis of the most highly up-or downregulated (Ͼ|1.5|-fold) genes revealed that loss of MAP4K4 affected the following pathways: cell cycle (P ϭ 2 ϫ 10 Ϫ6 ), p53 signaling (P ϭ 5 ϫ 10 Ϫ4 ), oocyte meiosis (P ϭ 0.001), progesterone-mediated oocyte maturation (P ϭ 0.001), hematopoietic cell lineage (P ϭ 0.002), and cytokinecytokine receptor interaction (P ϭ 0.05).
Cell cycle gene expression was also affected by Map4k4 loss in MLECs, as Map4k4 iECKO MLECs demonstrated a significant 2-fold increase in Ccnd2 mRNA expression compared with Flox/ Flox controls (Fig. 4F ). These data demonstrate that loss of Map4k4 in HUVECs and MLECs alters the expression of genes involved in cell cycle progression.
MAP4K4 directly binds RASA1 and negatively regulates ERK activity and lymphatic cell fate. To elucidate the molecular mechanisms by which Map4k4 operates in ECs, a yeast 2-hybrid screen was performed in which the NH 2 -terminal kinase domain or the C-terminal CNH domain of Map4k4 was used as bait to screen a whole-genome library. Though several unique hits were obtained using the kinase or the CNH domain (Table 3) , we focused on Rasa1, a GAP for Ras (also known as p120 RasGAP), as an interacting partner of the CNH domain of Map4k4. We focused on Rasa1 for several reasons. First, previous studies have demonstrated direct and indirect interactions of Map4k4 and the adapter protein Nck (17) , which directly binds Rasa1 (18) . Second, an additional study demonstrated that Map4k4 is in a complex with Rasa1, although it was hypothesized in that study that the binding CCNB2  NUSAP1  AURKA  PRC1  TOP2A  CEP55  TPX2  MKI67  ANLN  PLK1  ESCO2  CDC2  ASPM  CKAP2L  CDC6  KIF23  CCNE2  BUB1  TTK  CCNA2  TOMM20  CCND2  TAGLN  E2F7  FST  PTGS1  MAP4K4  CALU  PSMD10  TFPI2 Color Key of the two proteins was indirect (19) . Third, RASA1 mutations are associated with lymphatic dysfunction in humans (20) . Finally, inducible loss of Rasa1 in mice causes lymphatic vascular proliferation phenotypes, as well as chyle leakage and death, which is a phenotype similar to the one we observed in Map4k4 Cdh5 Cre mice (10, 20) . Interestingly, mapping of the Y2H clone that interacted with Map4k4 determined that Map4k4 bound the GAP domain of Rasa1 (Fig. 5A ), suggesting that Map4k4 may affect Rasa1 function to dampen Ras activity. We confirmed the association of RASA1 and MAP4K4 in HUVECs by immunoprecipitating endogenous RASA1 and immunoblotting overexpressed wild-type (WT) MAP4K4 or a MAP4K4 mutant that renders it kinase inactive (DN), which we expressed in an effort to form a more stable complex with RASA1 ( Fig.  5B ). Endogenous complex formation of RASA1 and MAP4K4 was also detected in HDLECs by coimmunoprecipitation ( Fig. 5C ).
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Rasa1 promotes the hydrolysis of Ras-GTP to Ras-GDP and thus inactivates the Ras-Erk cascade (21) . To determine whether MAP4K4 affected Ras-MAPK pathway levels or activity, HUVECs were transfected with scrambled or MAP4K4 siRNA for 48 h. Notably, there were no alterations in total levels of RASA1 after MAP4K4 depletion (Fig. 5D ). The cells were serum starved, and RAS-GTP loading was assessed using GST-Raf1 to pull down active RAS. A 2-fold increase was observed in the amount of RAS bound to GST-Raf1 when normalized to total RAS levels after MAP4K4 silencing, suggesting that loss of MAP4K4 in ECs promotes basal RAS activation (Fig. 5E ).
MAP4K4 silencing also led to increased p-ERK levels as normalized to total ERK in HUVECs (Fig. 5F) , HDLECs (Fig. 5G ), and MLECs (Fig. 5H ) after serum starvation. However, acute VEGF-C stimulation induced transient ERK activation with similar temporal regulation in scrambled and MAP4K4 siRNA-transfected HUVECs and HDLECs, as well as primary MLECs lacking Map4k4 (Fig. 5F to H) . These results suggest that MAP4K4 is critical to maintain EC quiescence at the level of ERK activation but is dispensable for growth factor-induced ERK activation.
The Ras-Erk axis controls lymphangiogenesis and cell fate by activating a series of genes that are necessary and sufficient to maintain a lymphatic EC signature, including the transcription factors Sox18 and Prox1 (22) . Thus, we assessed whether loss of Map4k4 promoted a lymphatic endothelial cell fate, which may contribute to the chyle leakage phenotype that was observed ( Fig.  1) . Primary MLECs were isolated from Flox/Flox and Map4k4 iECKO mice, and qRT-PCR was performed for a number of endothelial marker genes. While expression of the pan-endothelial marker genes Cd31, Cdh5, and Kdr (Vegfr2) did not differ between genotypes, the lymphatic endothelial marker genes Lyve1, Prox-1, Flt4 (Vegfr3), and Sox18 were all upregulated in Map4k4 iECKO MLECs compared with Flox/Flox ECs, whereas no difference was observed in the collecting vessel marker gene Pdpn (Fig. 5I) . Interestingly, reduced mRNA levels of Vegf-c, encoding a Vegfr3 ligand that promotes lymphatic endothelial fate and function, were observed in Map4k4 iECKO MLECs, suggesting that the cell fate effect may be unrelated to enhanced ligand production ( Fig.  5I) . Thus, Map4k4 is important for maintenance of EC fate and quiescence by modulation of the Ras-Erk signaling pathway. These results collectively are consistent with the observations that loss of endothelial Map4k4 in vivo causes lymphatic vascular hyperproliferation and leakage, resulting in developmental and functional abnormalities (Fig. 5G ).
DISCUSSION
The major findings of the present study demonstrate that the endothelial protein kinase Map4k4 is required for lymphatic vascular development. Constitutive endothelial Map4k4 deletion using Cdh5/Ve-cadherin Cre revealed that Map4k4 has a fundamental role in lymphatic vascular development, as Map4k4 Cdh5 Cre mice displayed postnatal lethality (Fig. 1 ) due to chylothorax (Table 2), which was accompanied by lymphatic capillary dilation, reduced lymphatic collecting valve numbers, and impaired lymphatic flow (Fig. 2) . Recent studies by Vitorino et al. (16) used Tie2 Cre and Rosa26 deletion models to demonstrate that Map4k4 is important for developmental angiogenesis and retinopathy in mice. Though we observed delayed retinal outgrowth and enhanced vascular density in Map4k4 Cdh5 Cre retinas at p6, which was similar to the findings of Vitorino et al., no alteration in blood endothelial morphology or area was observed in the intestines of Map4k4 Cdh5 Cre mice (Fig. 3) . Furthermore, these authors demonstrated lethality at embryonic day 16.5 (e16.5) in this model (16) . Because the Tie2 Cre model deletes genes in endothelial cells earlier than Cdh5 (Ve-cadherin) (23), it is not surprising that Map4k4 Cdh5 Cre animals displayed delayed lethality (Fig. 1) . Notably, although Vitorino et al. did not report any lymphatic phenotypes, edema was observed in Map4k4 Tie2 Cre knockout mice (16) , which is indicative of lymphatic dysfunction (24) .
Our previous studies using Apoe Ϫ/Ϫ mice determined that endothelial Map4k4 was critical for atherosclerosis development (8) .
Recent studies have demonstrated that the high plasma cholesterol content in Apoe Ϫ/Ϫ mice contributes to impaired lymphatic drainage, which is accompanied by lymphatic dysfunction and regression (25) . However, follow-up studies reported an active role for the lymphatic vascular system in reverse cholesterol transport of lipid-laden macrophages in atherosclerosis; thus, the dysfunctional lymphatic network in hypercholesterolemic mice contributes to disease (26, 27) . Though we did not observe chyle leakage phenotypes in mice lacking endothelial Map4k4 on an Apoe Ϫ/Ϫ background, we cannot rule out, based on the studies presented here, the possibility that the lymphatic endothelium is partially responsible for ameliorating atherosclerosis in Apoe Ϫ/Ϫ mice lacking endothelial Map4k4. Thus, future studies will investigate the role of reverse cholesterol transport in the improved atherosclerosis phenotypes observed in these animals, as well as a lymphatic-specific role for Map4k4 in atherosclerosis.
Among many proteins identified as Map4k4 binding partners in a yeast 2-hybrid screen (Table 3) , Rasa1 was chosen for further assessment. Few mouse models display lymphatic dysfunction and chyle leakage, and these mice genetically map out a signaling pathway that is critical for lymphatic development and function, including gain or loss of Vegf-c or Vegfr3 (28, 29) , loss or mutation of Ephrinb2 (30) or Ephb4 (31) and Rasa1 (10, 32) , or gain of function of Ras and Erk (22, 33, 34) . Furthermore, the similarity of the phenotypes of these animal models and mice lacking endothe-lial Map4k4 strongly suggested that Map4k4 functions within this signaling pathway. Indeed, Map4k4 was previously identified as an effector in the ephrin pathway in vitro, which forms a complex with Rasa1 (19) . Consistent with the known actions of Rasa1 to inactivate Ras and Erk, enhanced Ras and Erk activities were observed basally when Map4k4 was knocked down in vascular and lymphatic ECs (Fig. 5 ). Furthermore, primary MLECs lacking Map4k4 proliferated more ( Fig. 4) , concomitant with a reduced population of cells in G 2 /M transition and alterations in cell cycle gene expression ( Fig. 4) . Interestingly, a number of the genes affected by Map4k4 loss are known Ras target genes (35) , and Ras/ Erk activation is known to enhance proliferation rather than to induce growth arrest in endothelial cells (36, 37) , suggesting that Map4k4 mediates its effects on proliferation by modulating G 2 /M transition downstream of Ras. MLECs lacking Map4k4 also displayed a more "lymphatic" EC signature than Flox/Flox MLECs ( Fig. 5 ), suggesting that Map4k4 is important for EC quiescence and lymphatic cell fate decisions.
In conclusion, the data presented here demonstrate that endothelial Map4k4 is a critical regulator of lymphatic vascular development. Map4k4 inhibitors are currently being developed for a number of clinical uses (16, 38, 39) . Importantly, the studies reported here call the clinical safety of Map4k4 inhibitors into question due to potential lymphatic vascular sequelae, chyle leakage phenotypes, and a potential to promote lymphangiogenesis and tumor metastasis.
